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Abstract
Cross sections for the reactions γ(∗)γ(∗) → hadrons and γ(∗)γ(∗) → 2 vector
mesons are calculated as functions of energy (
√
s ≥ 20 GeV) and photon vir-
tualities. Good agreement with experiment is obtained for the total hadronic
cross section and, after allowing for a valence-quark contribution from the
hadronic part of the photon, with the photon structure function at small x.
The cross section for vector meson production are shown to be experimen-
tally accessible for moderate values of Q2. This is sufficient to probe the
nature of the hard pomeron which has recently been proposed.
1Supported by a MINERVA-fellowship
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1 Introduction
In the colour-dipole picture of high-energy scattering the scattering ampli-
tude is expressed as a superposition of dipole-proton [1] or dipole-dipole
[2] amplitudes. In the model of the stochastic vacuum [3, 4] as applied
to high-energy scattering [2, 5, 6, 7] the dipole-dipole scattering amplitude
is realized as the vacuum expectation value of two Wegner-Wilson loops.
Any hadronic (or photonic) scattering amplitude can be expressed in terms
of these amplitudes and the transverse wave functions of the hadrons (or
photons) involved. Thus the model correlates a wide range of phenomena:
hadron-hadron scattering [6, 7], vector meson electro- and photoproduction
[8, 9] and deep inelastic scattering [10]. This is of considerable relevance as
understanding the details of high-energy scattering at the microscopic level
requires the investigation of many different processes within the context of a
unified description.
The relevance of the dipole approach to deep inelastic scattering was first
stressed by Nikolaev and Zakharov [1] and subsequently elaborated in a num-
ber of papers [11]. More recently the dipole-proton cross section σT (s, RD)
has been obtained from electroproduction data [12] as a function of energy
and the dipole radius RD. The data span dipole radii from 0.2 to 1.1 fm, and
the cross section changes by more than an order of magnitude across this
range. The model of the stochastic vacuum applied to high energy scattering
is in reasonable accord with these results [13].
In this paper we investigate high-energy γ(∗)γ(∗) reactions. We calculate
and predict the total real γγ cross section, the real photon structure function
at small x and reactions of the type
γ(∗)γ(∗) → V1V2, (1)
where V1 and V2 can be any two vector mesons. These may be light quarkonia
i.e. ρ, ω, φ or heavy quarkonia for which we restrict consideration to J/ψ.
The physics interest in these latter processes is that they are the closest
one can get to the ideal of onium-onium scattering [14]. They provide as
direct a measurement as is possible of colour dipole-dipole scattering, and
the size of the dipoles can be tuned by the choice of vector meson or by
the photon virtuality or both. The γ(∗)γ(∗) reactions have a considerable
advantage over γ(∗)p reactions as the dipole scattering is measured directly
and the complications arising from a proton target are avoided.
The ultimate goal is that the relevant experiments are performed to con-
firm the dipole approach and hence to obtain the dipole-dipole cross sections
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σT (s, RD1, RD2) independently of specific theoretical models for a range of
dipole radii RD1 , RD2 . At present one has to make use of specific models to
provide an estimate of the cross sections. Our calculations demonstrate that
significant measurements can be made with exisiting energies and luminosi-
ties. The present calculations are based on the fusion of two models. The
absolute size and the dependence of the γ(∗)γ(∗) cross sections on the photon
virtuality Q2, and where relevant the choice of vector meson, are given by the
model of the stochastic vacuum [3, 4] applied to high-energy scattering [5, 6]
at a center of mass energy of about 20 GeV. This model can say nothing
about the energy dependence, which is taken to be given by a two-pomeron
model proposed recently [15] and which has subsequently been applied to the
model of the stochastic vacuum [10].
The relevant aspects of these models are discussed in Section 2. In Sec-
tion 3 we show that the model is in good agreement with data on the total
hadronic γγ cross section σγγ , and we make predictions for the photon struc-
ture function F γ2 (x,Q
2) at very small x and over a wide range of Q2. At
the higher values of x where data exist, combining our model with the VMD
contribution corresponding to non-pomeron Regge exchange provides fair
agreement with these data. Section 4 deals with the γ(∗)γ(∗) → V1V2 cross
sections in detail, and conclusions are drawn in Section 5.
2 The Model
The model of the stochastic vacuum (MSV) [3, 4] is based on the asumption
that the infrared behaviour of QCD can be approximated by a Gaussian (i.e.
factorizable) stochastic process in the gluon field strength tensor. With this
simple assumption one obtains in non-Abelian gauge theories the area law for
the Wegner-Wilson loop and hence confinement. Applying the model to the
formalism for quark-quark scattering in the fempto-universe developed in [5]
one can express any hadronic diffractive scattering amplitude in terms of a
colour dipole-dipole scattering amplitude and the transverse wave functions
of the hadrons (or photons) involved [2, 6].
We follow the notation and normalisation of [16]. The scattering matrix
element for the reaction h1 + h2 → h3 + h4 is expressed in the form
T = 2is
1
4π
∫
d2R1dz1
1
4π
∫
d2R2dz2
∫
d2be−i
~b~∆J˜(b, ~R1, z1, ~R2, z2)
×ψ∗h3(~R1, z1)ψh1(~R1, z1)ψ∗h4(~R2, z2)ψh2(~R2, z2). (2)
Here ψ(~Ri, zi) denotes the light-cone wave function of the hadron i or the
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hadronic wave function of a photon, ~R is the transverse extension, z is the
fraction of longitudinal momentum, ~b is the impact parameter, ~∆2 = t is the
momentum transfer and J˜ is given by eqn.(8) of [16]. For a discussion of
these wave functions we refer to [9, 17].
We outline briefly the philosophy behind the choice of the photon wave
function [17]. It is essentially given by the lowest-order perturbative expres-
sion for the quark-antiquark content of the photon, with chiral symmetry
breaking and confinement being simulated by a Q2-dependent quark mass.
This procedure works remarkably well in quantum-mechanical examples. The
quark mass was determined by comparing the zeroth-order result for the
vector-current correlator with the analytically continued phenomenological
expression (ρ-pole plus continuum) in the Euclidean region. The resulting
mass is given by
mu,d =
{
m0 (1−Q2/1.05) : Q2 ≤ 1.05
0 : Q2 ≥ 1.05
ms =
{
0.15 + 0.16 (1−Q2/1.6) : Q2 ≤ 1.6
0.15 : Q2 ≥ 1.6
mc = 1.3. (3)
The parameter m0 for the u, d quarks was found to be ∼ 0.22 GeV.
A shortcoming of the stochastic vacuum model applied to high energy
scattering is that it contains no explicit energy dependence. As a consequence
most of the early applications were restricted to a center of mass energy of
20 GeV. However it is not difficult to insert an ad hoc energy dependence,
and this is the procedure we adopt here.
The phenomenological soft pomeron of hadronic interactions cannot ex-
plain deep inelastic scattering or J/ψ photoproduction. A much stronger
energy dependence is observed, and it varies with Q2. In terms of an ef-
fective trajectory the latter fact implies a Q2 dependent intercept [18], in
conflict with Regge theory. The suggestion [19] that there is a significant
amount of shadowing in soft processes, which disappears at large Q2, so that
the observed effective intercept of ∼ 1.08 is the result of the pomeron having
a much larger intercept is difficult to sustain. All soft processes are found
to have the same value [20], and explicit model calculations [21] show that
the pp¯ total and differential cross sections restrict the maximum value of the
bare intercept to a much smaller value than is required by the deep inelastic
and J/ψ data.
Consequently a two-pomeron model [15] has been proposed, based on a
strict application of the Regge-pole formalism to such processes. Diffractive
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processes are described by the exchange of two trajectories carrying vacuum
quantum numbers with different fixed intercepts and with residues dependent
on Q2. The latter does not conflict with Regge theory. One of these trajec-
tories is the conventional non-perturbative soft pomeron with an intercept
αsoft ∼ 1.08 whose residue is large for hadrons and photons with low Q2,
and a hard pomeron with an intercept αhard ∼ 1.40. Before the problems
associated with next-to-leading order contributions to the BFKL pomeron
[22], it would have been tempting to identify this hard pomeron with the
latter, but at present it is simply taken as a phenomenological prescription
to describe the experimental data in a self-consistent way.
In a recent paper [10] the two pomeron approach scattering of [15] was ex-
tended to dipole-dipole scattering. All dipole-dipole amplitudes where both
dipoles are larger than the value c = 0.35 fm are multiplied by the energy de-
pendent factor: (W 2/W 20 )
αsoft(t)−1 withW0 = 20 GeV, αsoft(t) = 1.08+0.25t.
If one or both dipoles are smaller than c then the trajectory is replaced by
the fixed pole αhard = 1.28. This value of αhard ws chosen as experimentally
F2 ∝ W 0.56 at Q2 = 20 GeV2 and the fixed-pole approximation made be-
cause of the lack of shrinkage in the J/ψ photoproduction differential cross
section. It turns out that the model of the stochastic vacuum, which is sup-
posed to be an approximation to the IR behaviour of QCD, overestimates
the non-perturbative contributions of very small dipoles. Therefore the non-
perturbative contribution is put to zero if one of the dipoles is smaller than
some value rcut, which came out as 0.16 fm. A diffractive scattering ampli-
tude of a (virtual) photon with a hadron in this model is then given by the
general expression
T (W 2, Q2, t) = βsoft(Q
2, t)(W 2)αsoft(t) + βhard(Q
2, t)(W 2)αhard(t). (4)
For transverse photons of high virtuality Q2 another source of energy
dependence is induced by the model. Since the hadronic size of the photon is
determined by 1/
√
z(1− z)Q2 , z being the longitudinal momentum fraction,
there will be at high values of Q2 a large contribution from quarks with very
small longitudinal momentum zW/2 or (1− z)W/2. The basis of the model
is however that the momentum of the quarks should be large as compared
to the Fourier components of the vacuum fluctuations. Therefore in [10] a
cutoff for z (and 1 − z) was introduced by requiring that zW ≥ 0.2 GeV,
(1−z)W ≥ 0.2 GeV. This cutoff induces an additional energy dependence at
presently accessible energies. Therefore the intercept of [10] is smaller than
that of [15]. By simple Ansa¨tze involving only four parameters it was possible
to obtain in this way a good description of data for the proton structure
function and electroproduction of vector mesons, without noticeably affecting
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the earlier fits to hadron-hadron scattering. An interesting and relevant
consequence of the model is that the total hadronic cross section for real
photons has a stronger energy dependence than for purely hadronic scattering
as the hard pomeron does not decouple in the limit Q2 → 0. This is a direct
result of the hard component in the photon wave function. It is also a feature
of the two-pomeron model of [15].
The advantage of relating the pomeron-coupling to dipoles (see also [11])
rather than to hadrons is twofold. First the dipole cross sections can be
calculated directly in the MSV. Secondly once the coupling scheme is fixed the
pomeron residues are determined by the corresponding wave functions. Thus
in principle in the following predictions of the γγ reactions there is no new free
parameter involved. However the results for the γγ total cross section depend
strongly on the quark mass whereas the reactions we considered previously
were quite insensitive to these parameters. So we allowed for small changes
in the quark mass to obtain the right absolute size of the γγ total cross
section. Because of their insensitivity to this parameter these changes do not
significantly affect any of our previous results.
3 γγ and γ∗γ Scattering
Before making predictions for the γ(∗)γ(∗) → V1V2 reactions, for which there is
currently no high energy data, we show that the formalism predicts correctly
the high energy data which do exist, namely the total hadronic γγ cross
section and the photon structure function. In both cases we restrict ourselves
to comparison with the LEP data, as in the former case the photon energy
is sufficiently high, and in the latter case the values of xBj are sufficiently
small, for our model to be applicable.
3.1 The Total Hadronic γγ Cross Section
The total hadronic γγ cross section σγγ has been measured recently at LEP
by L3 [23] and by OPAL [24] for γγ center of mass energies between 5 and 110
GeV. There is a small normalization difference between the two experiments,
but both agree on the energy dependence which appears stronger than that
observed in purely hadronic interactions. Interpreted in terms of a single
pole, the effective intercept is 1.158± 0.006± 0.028 [23].
As already discussed the normalisation of σγγ is very sensitive to the
quark mass parameter m0. In fact it varies as ∼ 1/m40. However the energy
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dependence is not very sensitive to m0. The predictions of our model for
the the total γγ cross section for m0 = 220, 210 and 200 MeV are shown in
Fig.1. The energy dependence changes very little across this range of m0, the
effective intercept being 1.142, 1.145, 1.149 respectively for the three values.
This energy dependence is a direct consequence of the hard pomeron not
decoupling in the Q2 → 0 limit of the proton structure function. Here the
effect is more marked as the suppression of the hard component arising from
the coupling to the proton is removed.
100
200
300
400
500
600
700
0 50 100 150 200 250
si
g 
[nb
arn
]
W [GeV]
m_{u/d}=200 MeV
m_{u/d}=210 MeV
m_{u/d}=220 MeV
OPAL
L3
Figure 1: Preliminary experimental data for the total hadronic γγ cross
section from L3 [23] and OPAL [24] and our predictions for different values
of the effective quark mass m0 (see eqn.(3)). The values of m0 are 220 MeV,
210 MeV and 200 MeV.
A choice of 210 MeV is clearly to be preferred to the initial value of 220
MeV of our previous publications, and we use 210 MeV throughout. This
minor change has no effect on any of the purely hadronic predictions of the
model and actually serves to improve slightly the description of high energy
photon-proton reactions [17, 9]. Our curves fall below the data at smaller
values of W because the non-pomeron Regge contribution, which we have
not included, becomes important there.
3.2 The Photon Structure Function
The photon structure function F γ2 (x,Q
2) has been measured over a wide
range of Q2, but primarily at rather large x. This restriction has been due to
the machine energies previously available, but at LEP F γ2 can be measured
in the range x > 10−3 and 1 < Q2 < 103 GeV2 [25]. These measurements
are in the domain where we expect pomeron dominance, and hence where
our model can make specific predictions. Note that the two-pomeron model
does not factorize simply, so that relating the photon structure function to
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the proton structure function F p2 by [26]
F γ2 = F
p
2
σγp(W
2)
σpp(W 2)
(5)
is not valid. Obviously it is extremely important to check just how well
simple factorization does hold. Note that the contribution from the valence
quark structure function due to the hadronic content of the real photon will
mask factorization, should it be valid, except at very small values of x.
A reasonable lower limit on the hadronic center-of-mass energy W for
the application of the model is 15 GeV, which we convert to an upper limit
on x for each Q2. It turns out that this is more-or-less matched to the
lower limit on x for which published data exist, which provides a check on
the normalization, at least in principle. However the data are at values of
x at which the valence quarks from the hadronic component of the photon
contribute, and an estimate has to be made of this. Our direct predictions
for the photon structure function, together with the data, are shown in Fig.2
by the dashed line. These are parameter free predictions and determine the
photon structure function at small x. In view of possible forthcoming LEP
data we have extended the calculations to values of x beyond those for which
data are currently available.
As anticipated, our predictions are low in the region of overlap with cur-
rent data as there is still a significant contribution from the valence quark
structure function of the hadronic content of the real photon (ρ, ω, φ etc.)
[29, 28, 27]. In naive vector meson dominance (VMD) this is given by
1
α
F γ2,had(x,Q
2) = F πval(x,Q
2)
∑
V
4π
f 2V
, (6)
where the sum is usually over ρ, ω, φ. The additional assumption has been
made that the vector meson structure functions can all be represented by the
valence structure function of the pion F πval(x,Q
2). This in itself is quite an
extreme statement, as there is no obvious reason why the structure function
of the short-lived vector mesons should be the same as those of the long-
lived pion. Additionally it is not clear whether one should take the simple
incoherent sum or allow for coherence effects. Finally, higher mass vector
mesons must also make some contribution, but this is almost certainly small
compared to the uncertainties in any estimate of the hadronic component.
To add to these uncertainties, the pion structure function is only known
experimentally for x > 0.2. To obtain the structure function in the kine-
matical domain of interest here, it is necessary to use the DGLAP evolution
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equations to fit the data and to extrapolate [30, 31]. This was the approach
used in fitting F γ2 by [28, 27], although with somewhat different assumptions
about the effective strength of the contribution. In contrast, in [29] the shape
of the hadronic contribution was left free to be determined by the data, but
the normalization was fixed.
For definiteness we have used the DGLAP evolved pion structure func-
tion of [28], and have retained only the ρ, ω and φ in the sum of eqn.(6).
Combining this with the predictions of our model for the singlet term gives
a good description of the small-x structure function. A comparison with the
data of [32, 33, 34] is given in Fig.2.
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.0001 0.001 0.01
F_
2/
al
_e
m
x
Q^2=1.86 GeV^2
total
pomeron
valence
OPAL
L3
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.0001 0.001 0.01
F_
2/
al
_e
m
x
Q^2=4.3 GeV^2
total
pomeron
valence
OPAL
L3
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.001 0.01
F_
2/
al
_e
m
x
Q^2=10 GeV^2
total
pomeron
valence
OPAL
L3
ALEPH
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.001 0.01 0.1
F_
2/
al
_e
m
x
Q^2=26.5 GeV^2
total
pomeron
valence
OPAL
L3
Figure 2: Data and predictions for the structure function F γ2 /αem at small
x. The data comprise preliminary data from Aleph [32] and L3 [33] and
published data from OPAL [34]. The dashed line is the sea-quark (pomeron
exchange) contribution, which dominates for small x, calculated in our ap-
proach without any free parameters. The dotted line is the estimated valence
quark contribution (see text) and the solid line the sum of the two. The max-
imum x-value is chosen to give
√
s ≥ 15 GeV. The mean values of Q2 are
1.86 GeV2, 4.3 GeV2, 10.0 GeV2 and 26.5 GeV2.
At smaller values of x, where pomeron exchange dominates and the va-
lence quark contribution declines with increasing Q2, our predictions for F γ2
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should be sufficient on their own. They agree rather well with the simple
factorisation formula of eqn.(5) at small Q2, but increasingly diverge as Q2
increases. This is not unexpected, as at small Q2 the proton structure func-
tion is dominated by a single term [15, 10] and factorization is a reasonable
approximation. Interestingly at higher Q2 the predictions match well to those
of [29], but lie below them at the lower values of Q2.
4 γ(∗)γ(∗) → V1V2
The model allows calculations to be performed for any vectors V1, V2 in the
light-quark or heavy-quark sectors, including radial excitations, and for any
virtuality of the two photons. For simplicity we restrict ourselves to the
following representative cases: γ∗(Q21)γ
∗(Q22)→ ρ0ρ0 for 0 ≤ Q21 ≤ 10 GeV2,
0 ≤ Q22 ≤ 10 GeV2, γ∗(Q21)γ → ρ0φ and γ∗(Q21)γ → ρ0J/ψ for Q21 = 0 and
2.5 GeV2 and γγ → J/ψJ/ψ for real photons. The latter is dominated by
pomeron exchange at all energies and the former at sufficiently high energy.
We note that the dominance of pomeron exchange can be assured in the light-
quark sector at any energy by considering γ(∗)γ(∗) → φφ or γ(∗)γ(∗) → ρφ,
although the cross sections are obviously appreciably smaller than those for
ρρ production.
The results for the ρρ total cross section are shown in Fig.3 as a function of
the γ∗γ∗ center-of-mass energy W , multipled by the naive VMD factor (Q21+
m2ρ)
2(Q22+m
2
ρ)
2. This is to provide a common scale, and to demonstrate quite
explicitly that the cross sections do not follow simple VMD. That they do
not is unsurprising. The effect of the hard pomeron contribution is explicitly
not like VMD, and the Q2-dependence is more intricate than simple VMD
as it depends on the size of the dipole. The other notable difference is that
the energy dependence changes with increasing Q2 as opposed to the Q2-
independent behaviour expected of simple VMD. The results show clearly the
dominance of the soft pomeron for small photon virtuality and the increasing
importance of the hard pomeron as the photon virtuality increases. The
dominance of the hard pomeron term sets in much more rapidly than in γ∗p
reactions. Its presence is already visible at Q2 = 0 and by Q2 = 2.5 GeV2 it
is dominating the cross section.
The differential cross sections dσ/dt (without the VMD normalization
factor) are shown in Fig.4 for the two extremes Q21 = Q
2
2 = 0 and Q
2
1 =
Q22 = 10 GeV
2. Shrinkage, that is an energy dependence of the slope of
dσ/dt, due to the Regge factor 2α′(t) log s is clearly visible for the case of two
real photons, emphasizing the dominant contribution from the soft pomeron.
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Figure 3: Predicted cross sections for the reaction γ(∗)γ(∗) → ρρ. The
virtuality of the first photon is Q21 = 0 GeV
2, 2.5 GeV2, 5.0 GeV2 and 10
GeV2. In each case the same virtualities are shown for the second photon.
The cross sections have been scaled by the VMD factor (Q21+m
2
ρ)
2(Q22+m
2
ρ)
2.
Shrinkage is much less obvious for the case of large photon virtuality, where
the hard pomeron is now the dominant contribution. Figure 4 also shows the
decrease in cross section with increasing photon virtuality which is masked
in Fig.3 by the VMD normalization factor.
In Fig.5 we show the cross sections for γ∗γ → ρφ and γ∗γ → ρJ/ψ to
illustrate that even for quite modest photon virtuality on the ρ the hard
pomeron dominates. The total cross section for γγ → J/ψJ/ψ is also shown
in Fig.5. As it is already very small, we do not give any results for non-zero
photon virtuality. In practice the measurable cross section will be much less
as we have taken no account of the branching fraction of the J/ψ to µ+µ−.
The almost complete dominance of the hard pomeron is obvious, and is more
marked than for J/ψ photoproduction.
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Figure 4: The differential cross section dσ/dt for γγ → ρρ for Q21 = Q22 = 0
and Q21 = Q
2
2 = 10 GeV
2. These cross sections have not been scaled by a
VMD factor.
5 Conclusions
We have demonstrated that the two-pomeron modification [10] of the MSV
model correctly predicts the energy dependence of the γγ total cross section
without any adjustment of parameters. However to obtain the correct nor-
malization it is necessary to change the quark mass to 210 MeV from the
220 MeV of our previous publications. This then gives good agreement for
W > 50 GeV where we can neglect the non-pomeron Regge contributions.
Our results also agree with the photon structure function at small x, within
the limitations of the present data and the uncertainties on the valence quark
content of the hadronic component of the photon. This justifies the use of
the model to estimate cross sections for γ(∗)γ(∗) → V1V2. These are found to
be at a level which, in principle, allows a rather direct determination of the
colour dipole-dipole cross section. Similar results for the case of purely real
photons have been obtained recently in a rather different model [35]. We
stress the importance of photon virtuality, even if small, in probing the most
interesting part of high-energy scattering.
Apart from taking into account a hard pomeron our choice of the photon
wave function is decisive for the results. The hard part of it leads to a non-
negligible coupling of the hard pomeron even to the real photon, in contrast
with purely hadronic reactions. This hard component, already present in the
real photon, and the small value of the mass parameter m0 = 210 MeV, also
explains why the hard contribution plays a decisive role even at moderate
virtualities. We demonstrate these features graphically in Fig.6.
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Figure 5: Total cross section of vector meson production in photon-
photon scattering as a function of energy: a) γγ → ρφ, b) γ∗γ → ρφ for
Q21 = 2.5 GeV
2, c) γγ → ρJ/ψ, d) γ∗γ → ρJ/ψ for Q21 = 2.5 GeV2 and e)
γγ → J/ψJ/ψ.
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